Plants have various defense mechanisms against environmental stresses that induce DNA damage. Genetic and biochemical analyses have revealed the sensing and signaling of DNA damage, but little is known about subnuclear dynamics in response to DNA damage in living plant cells. Here, we observed that the chromatin remodeling factor RAD54, which is involved in DNA repair via the homologous recombination pathway, formed subnuclear foci (termed RAD54 foci) in Arabidopsis thaliana after induction of DNA double-strand breaks. The appearance of RAD54 foci was dependent on the ATAXIA-TELANGIECTASIA MUTATED-SUP-PRESSOR OF GAMMA RESPONSE 1 pathway, and RAD54 foci were co-localized with cH2AX signals. Laser irradiation of a subnuclear area demonstrated that in living cells RAD54 was specifically accumulated at the damaged site. In addition, the formation of RAD54 foci showed specificity for cell type and region. We conclude that RAD54 foci correspond to DNA repair foci in A. thaliana.
INTRODUCTION
Genome stability is constantly challenged by exogenous and endogenous stresses that induce DNA damage. Given that plants are sessile organisms, genome integrity is threatened by environmental stresses such as drought, heat and cold. These stresses cause DNA damage through the production of reactive oxygen species and inhibit plant growth (Baxter et al., 2014) . Soil pollution, including excess boron and aluminum, also induces DNA damage in roots (Sakamoto et al., 2011; Sjogren et al., 2015) . Signaling pathways that mediate DNA damage have been studied in a variety of organisms, including plants (Waterworth et al., 2011; Yoshiyama et al., 2013b) . In response to DNA damage in plants, the sensor kinases ATAXIA-TELANGIEC-TASIA MUTATED (ATM) and ATM/RAD3-RELATED (ATR), respectively, recognize DNA double-strand breaks (DSBs) and single-strand breaks (SSBs) derived from collapse of the replication fork (Culligan et al., 2006) . These proteins activate the SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1) transcription factor through phosphorylation, leading to substantial changes in expression of genes involved in cell cycle progression and DNA repair (Culligan et al., 2006; Yoshiyama et al., 2013a) .
Subnuclear dynamics in response to DNA damage have been revealed using unicellular models and systems, including yeasts and animal cell cultures. Subnuclear foci or DNA repair foci, which are synonyms for DNA damage foci or radiation-induced foci, are observed microscopically as distinct spots in the subnuclear region after DNA damage (Rothkamm et al., 2015) . DNA repair foci consist of multiple DNA repair factors and play an important role in efficient DNA repair (Lisby et al., 2001; Essers et al., 2002) . For example, DNA repair foci enhance the mobility of the damaged sites to promote the paring of homologous loci with DSBs in Saccharomyces cerevisiae (Mine-Hattab and Rothstein, 2012) . In Arabidopsis (Arabidopsis thaliana), cH2AX, which is the histone variant H2AX phosphorylated by ATM and ATR, forms subnuclear foci at damaged sites with DSBs (Friesner et al., 2005) . The Nicotiana benthamiana E2F (NtE2F) transcription factor and Arabidopsis JHS1 DNA helicase also form subnuclear foci under stress conditions (Lang et al., 2012; Jia et al., 2016) . However, little is known about subnuclear dynamics in response to DNA damage in plants.
Recently, we revealed that the arrangement of homologous loci is altered by DSBs in Arabidopsis seedlings and that the chromatin remodeling factor RAD54 is involved in this phenomenon (Hirakawa et al., 2015) . RAD54 is conserved in eukaryotes and belongs to the SWI2/SNF2 family, which reconstructs the nucleosome structure in an ATPdependent manner (Ceballos and Heyer, 2011; Lans et al., 2012) . Human RAD54 acts to remove histones from nucleosomes and promotes homology search during DNA repair via the homologous recombination (HR) pathway in vivo and in vitro (Zhang et al., 2007; Srivastava et al., 2009) . In addition to its function in alteration of the nucleosome structure, RAD54 recruits RAD51 and BRCA2, which are involved in the HR repair pathway, at damaged sites in animal cultured cells without ATP activity (Agarwal et al., 2011) . In Arabidopsis, during true leaf formation, compared with the wild type rad54 shows reduced HR and high sensitivity to DNA damage induced by agents such as c-irradiation and cisplatin (Osakabe et al., 2006; Shaked et al., 2006) . In the present study, we showed that RAD54 formed repair foci in living Arabidopsis cells subject to DNA damage.
RESULTS

RAD54 is highly expressed in meristematic tissues and is localized in nuclei
To investigate the tissue expression pattern of RAD54 we generated transgenic Arabidopsis Col-0 plants expressing the RAD54 genomic fragment, including 2.0 kb upstream as a RAD54 native promoter, fused with the b-glucuronidase (GUS) gene. The GUS signal was strongly detected in the root tips, shoot apical meristems, lateral roots and young cotyledons. RAD54 is thus highly expressed in meristematic tissues during normal growth (Figure 1a-f) . To observe the subcellular localization of RAD54, we constructed transgenic rad54-1 plants expressing RAD54-EYFP as a complementation line. In the presence of the DNA cross-linking agent cisplatin or mitomycin C, true-leaf formation by the complementation line was similar to that of Col-0, while the rad54-1 mutant showed the expected higher sensitivity (Figures S1 and S2 in the Supporting Information). In the meristematic and elongation zones of roots, RAD54 was localized in nuclei (Figure 2a-c) . RAD54 was observed in interphase nuclei but not in mitotic cells in the root meristematic zone (Figure 2d ).
Induction of the formation of RAD54 foci in nuclei with DSBs
To examine whether the localization pattern of RAD54 in nuclei was altered by DNA damage, we exposed seedlings expressing RAD54-EYFP to c-irradiation, which induces DSBs. After c-irradiation, dotted signals were detected in the nuclei of epidermal cells in the root meristematic zone (Figure 3a) . We designated these signals 'RAD54 foci'. The number of cells showing RAD54 foci in the subnuclear region increased as the dose of c-radiation increased in the root meristematic zone (Figure 3b ). To investigate whether RAD54 foci were detected in other organs, tissues and cell types, we performed the localization analysis for RAD54 with DSBs using confocal laser microscopy. After c-irradiation, RAD54 foci were detected in nuclei of epidermal, cortical, endodermal, pericycle and stem cells, except in quiescent center (QC) cells in primary roots of seedlings ( Figure 3c ). In addition, RAD54 foci were observed in nuclei of cells of lateral roots and lateral root primordia (Figure S3) . RAD54 foci were detected in pavement cells with DSBs but not in guard cells (Figure 3d ). These results indicated that the formation of RAD54 foci showed cell-type specificity. In the leaf epidermis, RAD54 was also localized in chloroplasts of guard cells and mesophyll cells directly beneath pavement cells. Given that the nucleus of pavement cells is located in the cytoplasm appressed to the plasma membrane on the side neighboring mesophyll cells, the optical section included the chloroplasts beneath the cell wall of mesophyll cells. To verify the localization of RAD54 in the leaf epidermis, we observed the localization pattern of histone H2B-GFP in guard cells. Neither H2B-GFP fluorescence nor autofluorescence was detected in chloroplasts of these cells (Figure 3e ), demonstrating that RAD54 localization in chloroplasts is not an artifact.
RAD54 foci are DNA repair foci in response to DNA damage To determine whether RAD54 foci represented DNA repair foci, we investigated the relationship between RAD54 foci and ATM, ATR, SOG1 and cH2AX, which mediate the DNA damage response. After c-irradiation, the frequency of cells detected with RAD54 foci in the atm-4 mutant was lower than that in Col-0 and atr-2 plants (Figure 4a, b) . In addition, there were fewer cells showing RAD54 foci in the sog1-1 mutant than in Col-0 after c-irradiation (Figure 4c, d) . Thus, these data showed that formation of RAD54 foci was downstream of the ATM-SOG1 pathway at damaged sites with DSBs. Next, we observed immunofluorescence of nuclei in the root tips of plants expressing RAD54-EYFP in response to treatment with zeocin, which is an analog of bleomycin and induces DSBs in Arabidopsis (Adachi et al., 2011) . Approximately 40% of cH2AX foci overlapped with RAD54 foci in nuclei after zeocin treatment (Figure 4e) . Furthermore, to confirm that RAD54 accumulated at sites of DNA damage in living cells, we carried out a time-lapse imaging and laser irradiation experiment using seedlings expressing RAD54-EYFP. In this experiment, DNA damage was induced in a localized subnuclear area of living cells by irradiation with a UV laser. RAD54 foci were specifically detected in nuclei at the damaged site about 30 min after induction of DNA damage ( Figure 4f ). Therefore, these analyses indicated that RAD54 foci represent DNA repair foci in response to DNA damage.
RAD51 and RAD51 paralogs are required for formation of RAD54 foci with DSBs
To further examine the mechanism that regulates the formation of RAD54 foci, we focused on RAD52 epistasis group proteins which are involved in DNA repair through the HR pathway and were isolated initially in a S. cerevisiae strain showing sensitivity to ionizing radiation (Paques and Haber, 1999) . Among these proteins in Arabidopsis, RAD51, which has an extremely important role in promoting homology search in HR and interacts with RAD54 in vitro (Osakabe et al., 2006; Klutstein et al., 2008) . Thus, we examined whether RAD51 was involved in the formation of RAD54 foci. RAD54 foci were not detected in root cells of rad51-1 after c-irradiation, whereas RAD51 foci were detected in nuclei of rad54-1 root tips treated with zeocin ( Figure 5a-c) . In contrast to Col-0, the size of RAD51 foci was larger in rad54-1 treated with zeocin ( Figure 5d ). Immunofluorescence detection showed that all RAD51 foci were co-localized with RAD54 foci in nuclei treated with zeocin ( Figure 5e ). These results showed that RAD51 is necessary for the formation of RAD54 foci in roots with DSBs. To investigate the mechanism of formation of RAD54 foci in detail, we focused on RAD51 paralogs. The genomes of Arabidopsis and vertebrates contain five RAD51 paralogs -XRCC2, XRCC3, RAD51B, RAD51C and RAD51D -and mutants of these genes show high sensitivity to DNA damage (Bleuyard et al., 2005) . Among these paralogs, deficiency of XRCC2, RAD51B or RAD51D leads to reduction of HR activity in somatic cells with or without DSBs (Da Ines et al., 2013a) . In the present study, we examined whether XRCC2 was involved in the formation of RAD54 foci with DSBs. After c-irradiation, the frequency of RAD54 foci in the xrcc2-1 mutant was lower than that in Col-0 (Figure 5f, g ). This result suggested that XRCC2 contributed to the formation of RAD54 foci with DSBs in Arabidopsis.
Formation of RAD54 foci shows region specificity and is restricted to S to G 2 phase cells in roots with DSBs
With regard to formation of RAD54 foci in the root epidermis after c-irradiation, we observed that the frequency of cells detected with RAD54 foci differed between regions of the root. After c-irradiation, cells containing large RAD54 foci were observed with high frequency in regions from the QC to 90 lm or >140 lm distant from the QC, whereas cells lacking RAD54 foci were detected in the region from 100 to 130 lm distant from the QC (Figure 6a-b) . The regions from the QC to 90 lm, 100 to 130 lm, and >140 lm distant from the QC of roots at this developmental stage correspond to meristematic, transition and elongation regions, respectively (Hayashi et al., 2013) . The activity of DNA synthesis in roots is associated with S to G 2 phase progression during mitosis in the meristematic region and endoreduplication in the elongation region (Otero et al., 2016) . It thus seemed likely that cell cycle stage was responsible for the region specificity of formation of RAD54 foci in the epidermis of roots with DSBs. To monitor the progression of the cell cycle in living cells, we used transgenic lines expressing RAD54-EYFP and PCNA1-tdTomato (Figure 6c ). Arabidopsis PCNA1 shows distinct subcellular localization patterns, which are whole, dotted or speckled indicating G 1 or G 2 phase, early S phase and late S phase during the cell cycle, respectively (Yokoyama et al., 2016) . The whole pattern is defined by the uniform distribution of PCNA1 in the nucleoplasm. The dotted and speckled patterns are characterized by small dot-like signals of PCNA1 and large speckled signals of PCNA1, respectively. In the root epidermis, expression levels of RAD54 in cells that showed the whole pattern of PCNA1 localization was higher than in cells that exhibited the dotted and speckled patterns of PCNA1 expression (Figure S4 ). This result suggested that RAD54 expression was dependent on the cell cycle phase. After c-irradiation, RAD54 foci were detected within a narrow range (n = 7-19) in cells with dotted and speckled signals of PCNA1, whereas RAD54 foci were observed over a wide range (n = 1-22) in cells having the whole signal pattern of PCNA1 (Figure 6c, d) . The average number of RAD54 foci was higher in cells with dotted and speckled signals compared with those with the whole signal pattern. Therefore, these data demonstrate that formation of RAD54 foci showed region specificity in the root epidermis and that this corresponds to cells in the S to G 2 phases of the cell cycle.
DISCUSSION
In this study we investigated the dynamics of plant RAD54 in response to DNA damage. The results showed that RAD54 is highly expressed in meristematic tissues and localized in nuclei. We note that RAD54 expression was not detected in roots by a previous promoter-GUS assay (Osakabe et al., 2006) , possibly due to the use of plants expressing RAD54-GUS, which in this study included the native promoter and genomic sequences including introns. The regulatory region for RAD54 expression in roots thus very probably resides in introns. The expression pattern of other HR factors, such as RAD51, RAD52 and RAD51 paralogs, has also been detected in various organs and tissues (Samach et al., 2011; Wang et al., 2014) ; notably RAD51, which interacts with RAD54 in vitro, is strongly expressed in the root meristematic zone and lateral root primordia (Da Ines et al., 2013b). These expression patterns are consistent with the need to express and rapidly assemble HR factors, including RAD54, at sites of DNA damage in response to such damage. The structural maintenance of chloroplast DNA (cpDNA) is important in general growth of Arabidopsis, and cpRecA1, which is a eukaryotic homolog of RecA-encoded genomic DNA, plays a role in this through DNA repair (Rowan et al., 2010) . RAD52 is also localized to chloroplasts in the leaf epidermis of Arabidopsis (Samach et al., 2011) . Thus, our results indicate that HR factors, including RAD54, may contribute to maintaining the stability of cpDNA through DNA repair by HR.
RAD54 foci were detected in nuclei after c-irradiation, but a portion were not co-localized with cH2AX foci. The number of cH2AX foci co-localized with RAD51 foci increases in a dose-dependent manner following X-ray exposure in cultured animal cells (Osipov et al., 2015) . Similarly, it is likely that the frequency of cH2AX foci colocalized with Arabidopsis RAD54 foci increased in proportion to DSB level. This finding may also be explained by observations in cultured animal cells showing that cH2AX foci co-localize not only with HR factors but also with nonhomologous end-joining factors, such as KU80 and DNAPKcs, in response to DNA damage (Schwartz et al., 2005; Baydoun et al., 2012) . The mechanism of formation of DNA repair foci consisting of RAD52 epistasis group proteins has been well studied in yeasts. In S. cerevisiae, recruitment of RAD54 to DNA repair foci is the final process in the formation of DNA repair foci and recruitment does not occur in a RAD51 mutant after c-irradiation (Lisby et al., 2004) . Consistent with these observations, we show that RAD54 foci in Arabidopsis were not detected in rad51-1 plants and RAD54 foci and RAD51 foci co-localize after zeocin treatment. Although phosphorylation levels of H2AX are increased by DSBs in sog1-1, the detection frequency of cells representing RAD54 foci was reduced in Figure 6 . Region specificity in formation of RAD54 foci in roots with DNA double-strand breaks. (a) Fluorescence of epidermal cell nuclei in the meristematic zone of roots expressing RAD54-EYFP and H2B-tdTomato. The left and right panels show images from plants without c-irradiation and exposed to 100 Gy c-irradiation, respectively. Scale bar: 50 lm. (b) Relationship between the number of RAD54 foci and distance from the quiescent center (QC) in roots (n = 65). The curve represents a trend curve. (c) Fluorescence of epidermal cell nuclei in the meristematic zone in roots expressing RAD54-EYFP and PCNA1-tdTomato. The left and right panels show the images from plants without c-irradiation and exposed to 100 Gy c-irradiation, respectively. Scale bar: 10 lm. (d) Number of RAD54 foci in nuclei representing the whole or dotted plus speckled patterns of PCNA1 expression. Seedlings were exposed to 100 Gy c-irradiation. At least six roots were counted for each group (n ≥ 55) (**P < 0.01, Student's t-test). [Colour figure can be viewed at wileyonlinelibrary.com].
sog1-1 with DSBs compared with the wild type (Yoshiyama et al., 2009) . This was almost certainly because the expression level of RAD51 is not elevated in sog1-1 with DSBs. RAD54 also plays a role in evicting RAD51 from damaged sites to restrict unnecessary HR, which induces genomic destabilization in human tumor cells (Mason et al., 2015) . Our results in Arabidopsis are consistent with this, with RAD51 continuing to accumulate at sites of DNA damage in rad54-1 roots, leading to an increase in the size of RAD51 foci after zeocin treatment compared with that in the wild type. Mutants of XRCC2, which is a paralog of RAD51, showed a lower frequency of formation of RAD54 foci with DSBs compared with the wild type. RAD51 foci were observed in an Arabidopsis xrcc2 mutant, whereas neither RAD51 nor RAD54 foci were detected in mammalian cultured cells lacking XRCC2 (van Veelen et al., 2005; Da Ines et al., 2013a) . These findings suggest that plant RAD51 paralogs play a specific role in recruitment of repair factors to damaged sites downstream of RAD51.
After c-irradiation, RAD54 foci were observed in various cell types in roots but not in the slowly dividing QC cells, presumably indicating that progression of the cell cycle in QC cells is arrested at the G 1 phase (with cells thus lacking sister chromatids) when HR activity is low (Forzani et al., 2014) . Homologous recombination activity is dependent on the stage of the cell cycle and increases in association with replication of sister chromatids (Longhese et al., 2010) . The present analyses showed that RAD54 foci were frequently detected in cells at the S to G 2 phase in both meristematic and elongation regions but not in the transition region of roots, nor in nuclei of guard cells. Formation of RAD54 foci in Arabidopsis thus shows region specificity and is closely linked to the cell cycle phase.
In conclusion, we showed that plant RAD54 forms DNA repair foci in living cells with DSBs and that formation of RAD54 foci is specific to cell type and region. DNA damage induces cell death in stem cells and cell expansion associated with transition from the mitotic cycle to the endocycle in root epidermis (Fulcher and Sablowski, 2009; Adachi et al., 2011) . Each cell type shows distinct response patterns to DNA damage, but it is unknown which type of plant cell first perceives the DNA damage. Future analyses of RAD54 foci will aim to identify sensors at the cellular level in the response to DNA damage in plants.
EXPERIMENTAL PROCEDURES Plant materials and growth condition
The Arabidopsis atm-4 (SALK_036940) and atr-2 (SALK_032841) mutants were obtained from the Nottingham Arabidopsis Stock Centre. The mutants rad51-1 (GABI_134A01), rad54-1 (SALK_038057) and xrcc2-1 (SALK_029106) were used in our previous studies (Bleuyard et al., 2005; Da Ines et al., 2013b; Hirakawa et al., 2015) . The mutant sog1-1 was used in a previous study by Yoshiyama et al. (2013a) . Sterilized seeds were sown on halfstrength Murashige and Skoog (MS) medium plates (1/2 MS salts, 1% sucrose, 1% agar). After incubation at 4°C for 24 h, the plates were placed in an incubator at 22°C with a 16-h light/8-h dark photoperiod.
True leaf assay
Sterilized seeds were incubated in water at 4°C for 24 h. After sowing on 1/2 MS medium (1/2 MS salts, 1% sucrose, 0.8% agar) containing cisplatin (Wako, http://www.wako-chem.co.jp/), the plates were placed in an incubator. The true leaves of plants were scored after 14 days.
Construction of transgenic lines expressing RAD54-GUS and EYFP
The RAD54 genomic sequence, which included 2.0 kb upstream as a native promoter, was amplified from genomic DNA using the primers 5 0 -cacctagatgaccgtattatatccttccaaatc-3 0 and 5 0 -tacaaaatcatcatcgtgatttacagaaactag-3 0 . The amplified fragment was inserted in the pENTR/D-TOPO â plasmid (pENTR_RAD54 genomic) using the pENTR/D-TOPO â Cloning Kit (Thermo Fisher Scientific, http:// www.thermofisher.com/). The RAD54 genomic sequence was transferred from the pENTR_RAD54 plasmid to pGWB533 and pGWB540 (pGWB533_RAD54 genomic, pGWB540_RAD54 genomic) with Gateway â LR Clonase â II Enzyme Mix (Thermo Fisher Scientific) (Nakagawa et al., 2007) . The pGWB533_RAD54 genomic and pGWB540_RAD54 genomic constructs were used for transformation of Col-0 and rad54-1, respectively.
GUS staining
Three-to 14-day-old seedlings were fixed with 90% (v/v) acetone/ water for 15 min on ice. After three washes in reaction buffer [50 mM phosphate buffer (pH 7.2), 2 mM K 3 Fe[CN] 6 , 2 mM K 4 Fe [CN] 6 , 0.1% NP-40], the fixed seedlings were incubated in reaction buffer supplemented with 0.5 mM X-Gluc at 37°C overnight in the dark. The seedlings were washed in 30, 50, 70, 90 and 100% ethanol for 10 min each and then mounted under a cover glass in 10% (v/v) 2,2 0 -thiodiethanol/water. Samples were observed with a stereomicroscope equipped with a digital camera (DP72, Olympus, http://www.olympus-ims.com/). Images were analyzed using IMA-GEJ software plugins.
4
0 ,6-Diamidino-2-phenylindole (DAPI) staining for root nuclei Five-day-old seedlings were fixed with 4% (w/v) paraformaldehyde/PBS for 40 min and then washed twice in PBS at 20°C (RT). The seedlings were washed three times in PEMT buffer [50 mM piperazine-N,N 0 -bis(2-ethanesulfonic acid) (PIPES), 2 mM EGTA, 2 mM MgSO 4 , 0.5% Triton-X100] for 5 min each and then washed in PBS at 20°C. The seedlings were treated with a mixture of DNA staining solution (Partec, http://www.sysmex-partec.com/) and PBS (3:1, v/v) for 3 min, washed three times in PBS for 5 min each and then mounted under a cover glass in 25% (v/v) 2,2 0 -thiodiethanol/PBS. Samples were observed under an inverted microscope (IX-81, Olympus) equipped with a confocal scanning unit X-1 (CSU-X1, Yokogawa, http://tmi.yokogawa.com/) and a scientific complementary metal oxide semiconductor (sCMOS) camera Neo 5.5 sCMOS (Andor, http://www.andor.com/).
Gamma-irradiation and microscopic analysis
Five-to 7-day-old seedlings were exposed to c-irradiation using a 137 Cs source at a dose rate of 0.769 Gy min À1 (Research Institute for Biomedical Science, Tokyo University of Science, http:// www.tus.ac.jp/en/labo/research_life.html). After 10 min, the seedlings were immersed in 10 lg ml À1 propidium iodide/water (Thermo Fisher Scientific) for 2 min to stain the cell walls. The root epidermis was observed under an IX-81 inverted microscope equipped with a CSUX-1 confocal scanning unit and Neo 5.5 sCMOS camera. Sections of primary roots, lateral roots, lateral root primordia and leaves were observed under a FV1200 confocal laser microscope equipped with a GaAsP detector (Olympus).
Chemical treatment and immunofluorescence for root tip nuclei
Anti-cH2AX antibody was produced by a previously described method (Friesner et al., 2005) . Five-day-old seedlings were placed on 1/2 MS medium supplemented with 10 lM zeocin (Thermo Fisher Scientific). After 24 h, the seedlings were fixed with 4% paraformaldehyde/PBS for 40 min and then washed in PBS for 5 min at 20°C. The washed seedlings were incubated in digestion buffer (1% driselase, 0.5% cellulose R-10, 0.025% pectolyase in water) for 45 sec at 37°C. After three washes in PBS for 5 min each, the root tips were squashed using a cover glass on a glass microscope slide coated with poly-L-lysine. The slides were immediately placed in liquid N 2 and the cover glass was removed. After the slides were dried, they were immersed in 0.5% (v/v) Triton-X 100/PBS for 15 min and then washed three times in PBS for 5 min each at 20°C. Four per cent (w/v) bovine serum albumin (BSA)/PBS was dropped on the sample area. After 30 min, the 4% BSA/PBS solution was removed from the slide and then a mixture of primary antibody and 1% (w/v) BSA/ PBS (1:100) was added. Anti-RAD51 (rabbit), anti-cH2AX (rabbit) and anti-GFP (mouse) (Roche, http://www.roche.com/) were used as the primary antibodies. The slides were incubated in a humid box at 4°C overnight and then washed in PBS for 5 min. Next, a mixture of secondary antibody and 1% (w/v) BSA/PBS (1:1000) was added. Goat Anti-Rabbit Alexa Fluor â 488 and Anti-Mouse Alexa Fluor â 594 (Thermo Fisher Scientific) were used as the secondary antibodies. The slides were incubated at 37°C for 60 min in the dark and then washed twice in PBS for 5 min. Finally, slides were immersed in 0.1 lg ml À1 DAPI/PBS for 5 min and then mounted under a cover glass with VECTASHIELD ™ (Vector Laboratories, https://vectorlabs.com/). Specimens were observed under a FV1200 confocal laser microscope equipped with a GaAsP detector.
Time-lapse imaging and the laser irradiation experiment
Five-day-old seedlings expressing RAD54-EYFP were used in this experiment. Seedlings were placed on a 35-mm glass-bottomed dish (AGC Techno Glass, http://www.atgc.co.jp/div/rika/) and the roots were covered with 1/2 MS medium. The samples were placed on a FV1200 confocal laser microscope equipped with a GaAsP detector. Time-lapse imaging and laser irradiation were performed using a UPLSAPO 60 XW (NA = 1.35) objective (Olympus). An image was captured (1% 473-nm laser transmission, 4 ls pixel À1 , 512 9 512 pixels, pinhole 800 lm, 8 9 zoom), then a 0.5-lm diameter spot was irradiated with UV (100% 405-nm laser transmission) and images were collected.
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